The mechanics and microstructure of electrodes are critical in determining the performance and durability of lithium-ion batteries, especially the new large format cells and packs developed for transportation applications. During battery operation, Li diffuses into and out of the electrode particles, causing microstructural changes and deformation-induced degradation. A variety of models have been proposed to interpret these mechanical and microstructural changes, but they have no direct experimental support. We report direct in situ measurements of the microstructural strain in a composite electrode during lithium insertion using a side-by-side cell geometry. The color variation in graphite with Li concentration creates lithium spatial maps. A digital image correlation analysis provides corresponding deformation and strain fields, displaying both dilation and contraction. Through a combination of experimental measurement and theoretical analysis, the unexpected contraction during lithiation is explained by the stiffening of graphite upon lithiation. The result confirms the change in modulus that we recently predicted. Quantification of local strains shows that an increased graphite crystallite volume during lithiation is accommodated primarily by a decrease in the composite ͑or particle͒ porosity. The change in porosity can substantially impact battery power; however, this effect has generally been ignored in cell performance models for lithium-ion batteries.
Electrodes in Li-ion batteries have complex microstructures. The polycrystalline particles of active materials are mixed with a binder and conductive carbon and then made into a porous composite. During battery operation, Li diffuses into ͑insertion͒ and out of ͑dein-sertion͒ crystallites making up the active particles, usually causing the crystallites to expand or contract. This volume change may lead to stresses and stress-induced degradation that can be exhibited at several different length scales. 1 Intraparticle volume expansion of electrode crystallites has been observed with in situ X-ray diffraction measurements [2] [3] [4] and has been predicted by theory. 5, 6 Large volume expansions up to ϳ400% ͑corresponding to ϳ60% strain if the expansion is isotropic͒ occur in Si and Sn when they are lithiated, [7] [8] [9] [10] [11] which can lead to particle decrepitation. Graphite, the most commonly used negative electrode material, shows a volume expansion of up to 10%, 4, 6 but the associated stresses can still be high enough to cause particles to fracture, especially after cycling. [12] [13] [14] [15] Fractured graphite particles expose a fresh carbon surface to the electrolyte, 13, 14 which leads to the formation of an additional solid electrolyte interphase, resulting in capacity fade owing to a loss of available Li. 13, 14 In addition, expansion and contraction of electrode particles can cause particle rearrangement, 16 which could lead to large contact stresses and fracture if the particles are sufficiently closely packed or jammed together. Loss of connectivity to the current collector through damage to the binder, presumably as a result of composite deformation, has been proposed as a degradation mechanism, 1, 16 and White suggested that particle swelling could also lead to cell degradation via a loss of pore volume. 17 Changes in the thickness of a prismatic cell could be as large as 6% during charge and discharge 18 due to the difference in volume expansion between negative and positive electrodes. Stresses at the cell level are generated by calendering during manufacturing, 19 which can fracture the electrode material or prevent good electrical contact among the cell components.
Following the early work of Huggins and Nix, 20 several groups have modeled the internal stresses generated during lithiation and delithiation of active particles. [21] [22] [23] [24] [25] [26] [27] However, there are few in situ observations of electrode deformation, and, as a result, it is difficult to judge how valid these proposed degradation mechanisms are. In response to this situation, we describe here direct in situ deformation-strain maps in a composite lithium battery electrode made during lithium insertion and removal. Experimentally observed but unexpected contraction in parts of the electrode during lithiation confirms our earlier prediction 6 that graphite is stiffened upon lithiation. ͓Material property variation with state of charge ͑SOC͒ had been ignored in previous stress models. [20] [21] [22] [23] [24] [25] [26] [27] ͔ Our results also indicate a significant reduction in porosity on each charging cycle, large enough to have a substantial effect on the maximum power that a cell can deliver. This effect has also been ignored in cell performance models for lithium-ion batteries.
Experimental
With conventional cell geometries, the electrodes face each other, making direct in situ measurements of the local electrode deformation difficult, both because the geometry does not allow optical access to the electrode faces and because the relevant spatial dimensions are small, generally below 100 m. For this study, we placed the electrodes ͑graphite and lithium͒ side by side, 28, 29 with the electrolyte covering them and filling the gap between them ͑Fig. 1a and b͒. The half-cell was covered by a quartz window, providing sealing while allowing optical access. This geometry, described in detail in Ref. 30 , facilitates in situ observation of the electrodes, whereas the large electrode size, on the order of millimeters ͑Fig. 1b͒, makes spatially resolved measurements much easier.
Carbon electrode and its color change during lithiation.-A thin strip from a carbon electrode, 1 cm long and 2.5 mm wide, was harvested from a new Lishen LR18650H cell. The electrode consisted of a 15 m thick copper foil current collector coated on each side with a 67 m thick 15% porous ͑as measured with X-ray tomography 38 ͒ electrode film. The electrode was torn in two places, producing three almost separated pieces. With this arrangement, the center piece could move almost as a rigid body to indicate when electrolyte was expelled from pores that were contracting in the electrode. Furthermore, lithium transport into the center plate would now come from all directions: from the tears on the sides as well as from the edges at the top and bottom. The electrode was then lithiated by wrapping it in Li foil and submerging it in the electrolyte under argon for 2 days, after which it appeared gold, corresponding to LiC 6 .
As Li was inserted into graphite during electrochemical reactions, various "staged" Li-graphite intercalation compound ͑Li-GIC͒ phases were formed. By definition, a Li-GIC material at stage n has a single Li-intercalated layer for every n graphene sheets. Some of these Li-GIC phases display unique colors, which can be used to obtain real-time and in situ spatial maps of the graphite SOC or lithiation, which is defined as x in Li x C 6 . Graphite is black or gray, and the insertion of a small amount of lithium ͑x Յ 0.3, Fig.  2a͒ Fig. 1 , the lithiated graphite electrode and a piece of Li foil rested on electrically isolated stainless steel supports a few millimeters apart. They were prevented from touching by a strip of Teflon. Electrolyte ͑1 M LiPF 6 salt in 1:2 volumetric ratio ethylene carbonate:diethyl carbonate͒ was added to wet the electrodes and to fill the gap above the Teflon strip, allowing Li + ions to travel between the electrodes. A quartz window covered the electrodes, sealing the half-cell while allowing optical access. The steel supports were individually spring loaded, so the quartz window held the electrodes in place with a pressure of about 1 bar. Once it was sealed, the cell was removed from the glove box for observation under a microscope. The lithium foil remained shiny for about a week, indicating that the seal was airtight over that time scale. The steel electrode supports were connected to a Keithley 237 dc source unit in an external circuit, allowing the cell to be repeatedly charged and discharged. The charging and discharging current was 0.25 mA. Because the cross-sectional area of each of the two electrodes ͑one on each side of the current collector͒ was 1 ϫ 0.067 cm wide and 0.067 cm 2 tall, 38 the nominal current density at the electrode edge was about 1.8 mA/cm 2 . However, the actual charging and discharging current densities were reduced by two factors. First, the current entered and left the electrode from all four sides of the electrode strip as well as along the tears, although most of the current passed through the side closest to the Li foil. Second, the formation of plated lithium and lithium dendrites consumed some of the current. In this study, the initially fully lithiated ͑all gold͒ electrode was first partly delithiated around the edges. The edge closest to the Li negative electrode showed the most delithiation ͑widest black region͒, indicating that lithium was removed from that area more rapidly than elsewhere.
Optical images and digital image correlation.-Optical micrographs were taken several times per hour over a period of several days at the given 0.25 mA charging and discharging current. These optical micrographs were taken with a Spot camera ͑resolution: 640 ϫ 480 pixels͒ through an Olympus SZX12 microscope. The optical micrograph images were cropped to emphasize the central plate, color enhanced for ease of viewing, and expanded in Photoshop so that a 2.87 ϫ 2.04 mm region of the micrograph corresponded to 1139 ϫ 810 pixels.
To gain in situ information about displacement and strain fields generated during Li diffusion, digital image correlation ͑DIC͒ technology was employed to analyze temporally successive optical images that map the graphite SOC. The DIC calculations were based on digital grids spaced at 20 ϫ 20 pixels ͑50 ϫ 50 m͒, which limited the spatial resolution of the calculated displacement and strain fields. 31 Displacement fields were converted to strain fields through a post-DIC processing routine, following that of Sutton et al., 32 Bruck et al., 33 and Vendroux and Knauss. 34 Identical strains were calculated using either color or black-and-white images, indicating that the presence of color did not affect our results. Although statistical errors could affect the strain maps, consistent strain maps were obtained when we used different image pairs in the DIC analysis, indicating that statistical errors in the DIC analysis were too small to affect our results. 
Results and Discussion
Experimental results.-For this paper, three representative images ͑shown in Fig. 3͒ were selected for pairwise analysis by the DIC program. Figure 3a , taken at time T 1 , shows gold, red, and dark blue regions corresponding to stage-1 LiC 6 , stage-2 LiC 12 , and dilute stage-2 LiC 18 , respectively. By time T 2 ͑Fig. 3b͒ after several hours of lithiation, the area of gold region has expanded from all directions into regions that had been red, whereas the area of dark blue region has shrunk. By time T 3 ͑Fig. 3c͒, after still more lithiation, the electrode is entirely gold.
During this Li insertion process, deformation may occur on at least four scales: ͑1͒ expansion of individual crystallite grains within particles; ͑2͒ expansion of the particles due to expansion and rearrangement of their internal crystallites; ͑3͒ deformation of the electrode composite as swollen particles interact with binder, conductive carbon, and each other; and ͑4͒ rigid body motion of the three plates ͑regions seen in Fig. 2 and 3 separated by a pair of tears in the electrode͒. Scales 1 and 2 are too small for us to observe. Scale 3 ͑composite͒ deformation occurs because the plates are not rigid bodies, and this scale is the main focus of this work. Measured strains far from the cracks are much less than 1% and are apparent only through DIC software, as shown in the deformation and strain maps in Fig. 4 and 5. ͑The scales in Fig. 4 and 5 are cut off at 0.5%.͒ The graphite SOC gradients at this scale, as indicated by the gold, red, and blue colors in Fig. 3 , are mostly in the vertical ͑y͒ direction in these images, reflecting the presence of Li metal to the "south" of the image, from which emerges the primary Li + flux. Li + that has traveled around the entire electrode can also enter from the "north," as shown by a gold band at the top in Fig. 3b . Finally, Li + can enter from the electrolyte in the tears on either side of the central plate, providing a horizontal ͑x͒ component to the Li flux into the central plate. ͓The presence of Li flux from the cracks is indicated by the bulges that are seen in the Li concentration profiles ͑colors͒ in Fig.  3a .͔ Scale 4 deformation, which treats the plates as rigid bodies, involves the opening and closing of the tears. Strains at this scale are relatively large, up to 3-4%. Such deformation is due to the motion of the three plates with respect to each other caused by the convection of the electrolyte that is forced out of the pores. A video showing how color maps and associated strain maps evolve is available online. Fig. 3b and a, at 40ϫ. ͑a͒ Displacement vectors overlaid in Fig. 3a , ͑b͒ color-coded horizontal strain xx , and ͑c͒ color-coded vertical strain yy . A pair of tears in the electrodes, running approximately from southeast to northwest, separate the electrode into three plates. The scales cut off at Ϯ0.5%, so purple and red colors represent strains larger than 0.5%.
The displacement vectors calculated with the DIC program for the T 1 -T 2 and T 2 -T 3 periods are shown in Fig. 4a and 5a , respectively. The associated strain maps, generated by differentiating the displacement vectors with respect to the x-and y-directions ͑ xx and yy ͒, are shown in Fig. 4b and c, 5b , and c. For ease of reference, we designate corresponding regions in Fig. 4 and 5 with the letters A-F. Changes in the color of graphite particles for these regions are given in Table I for the two time periods, T 1 -T 2 and T 2 -T 3 .
Consider the first yy strains within the plates, as shown in Fig.  4c and 5c. This deformation corresponds to the primary ͑y-direction͒ Li transport pathways during lithium insertion. For the earlier T 1 -T 2 period, region A begins and ends in stage 1 ͑gold, Table I͒ , and yy is close to zero. The SOC increases in all regions, but only region B expands, whereas region C and especially region F actually contract. In contrast, in the later T 2 -T 3 period, no region contracts. Consider the next xx strains ͑Fig. 4b and 5b͒, which are due primarily to the Li flux from the tears. For the earlier T 1 -T 2 period, xx is close to zero in regions A and B, which begin and end in stage 1 ͑gold͒, whereas regions C and F contract. For the later T 2 -T 3 period, there is again no contraction. Strains in regions D and E are dominated by the opening and closing of the cracks ͑scale 4͒ rather than by displacements within the plates.
Diffusion-induced stress modeling and the effect of stiffening of graphite by Li.-Li-diffusion-induced strain in the electrode is due to ͑a͒ volume expansion from Li insertion and ͑b͒ elastic deformation induced by the Li concentration gradient within the electrode. To better understand the strain fields observed with the DIC technique, we utilize well-developed diffusion-induced-stress ͑DIS͒ models. We assume, for simplicity, that the central plate of our electrode composite has a circular disk geometry. Although the central plate of the sample is not an exact circle, Li diffuses through the electrolyte from all directions, including from the tears, so the circular disk geometry is a reasonable first-order approximation. The initial Li concentration inside the disk is zero ͑corresponding to Fig.  2a͒ , and it increases with time due to diffusion from the surrounding electrolyte with diffusion coefficient D, implying fast electrochemical kinetics and a porous-electrode system dominated by solutediffusion resistance. [25] [26] [27] The diffusion equation is
where x͑r,t͒ is the molar concentration of Li, ranging from 0 to 1, at radial location r at time t. To make the model one-dimensional, we assume that the Li concentration outside the disk is constant. Thus, the initial and boundary conditions are for disk radius R x͑r,0͒ = 0 for 0 Յ r Յ R at t = 0
x͑R,t͒ = 1 for t Ն 0 ͓2͔
We define the scaled radius, y, and time, T, as
͓3͔
We plot the calculated Li concentration vs radial position in Fig.  6a -c for dimensionless times corresponding to T 1 = 0.04, T 2 = 0.1, and T 3 = 1. The colors used in the figures indicate the stages of Li x C 6 , taken as gold for x Ͼ 0.9, red for 0.5 Ͻ x Ͻ 0.9, and black for x Ͻ 0.5. ͑It is difficult to visually separate dark blue, 0.3 Ͻ x Ͻ 0.5, and black, x Ͻ 0.3.͒ We assume that the graphite composite is isotropic and linearly elastic and calculate the strains induced by lithiation using the analogy between thermal stresses 36 and DISs. The strains along the radial, tangential, and axial directions are
where E is Young's modulus, is Poisson's ratio, and ␣ is the concentration expansion coefficient. Fig. 3b ; ͑b͒ color-coded horizontal strain xx , and ͑c͒ color-coded vertical strain yy . The scales cut off at Ϯ0.5%, so purple and red colors represent strains larger than 0.5%. Fig. 4 and 5 by letters A-F. Regions D and E correspond to areas surrounding the cracks.
Table I. Color changes in the regions identified in
Because atomic diffusion in solids is a much slower process than elastic deformation, mechanical equilibrium is established much faster than that of diffusion. Mechanical equilibrium is, therefore, treated as a static equilibrium problem. 36 In the absence of any body force, the equation for static mechanical equilibrium in the bulk of a disk is given by
If u denotes the radial displacement, the strain can be given as
There is no displacement at the center, i.e., u͑0͒ = 0. Also, we have, at r = R, the radial stress r ͑R͒ = 0. For the axial stress, we assume that there is no load on the two sides of the disk, in which case there is no net force on the ends, i.e., F z = ͐ a b 2r z dr = 0. This is the generalized plane strain condition. By solving Eq. 7, one can compute both the strain and stress evolution with Li concentration.
We focus here on the radial strain because it is along the diffusion pathway and is thus analogous to yy in our DIC analysis. This strain is in Eq. 4, where E is estimated to be 10 GPa for the graphite composite electrode, and ␣ is about 3% for Li-GIC based on density functional theory ͑DFT͒ calculations. 6 The strain in Eq. 4 includes a term due to the elastic stress related to SOC gradients and a term due to volume expansion. There may be a considerable volume expansion ͑strain͒ from the x = 0 state ͑Fig. 2a͒ to the x = 1 state ͑Fig. 2b͒, but the elastic stress is zero for both states because there is no concentration gradient.
The analysis for the diffusion-induced strain and stress then follows the calculations of Cheng and Verbrugge. [24] [25] [26] Typically, E has been treated as a constant in DIS models. However, Qi et al. 6 found, using DFT, that the Ruess average Young's modulus, E, of Li x C 6 increases linearly by more than 3 times as x increases from 0 to 1 during lithiation. The DFT calculations revealed that Li donates most of its charge to its 12 nearest C neighbors; this charge transfer strengthens interlayer bonding due to the cation-interactions. For each single-crystal Li x C 6 phases, the elastic constant components ͑C ij ͒ involving deformation normal to basal planes, such as C 33 and C 44 , dramatically increase with Li concentration. The Li stiffening effect may also be related to the recent experimental observation that disordering of graphite during cycling tends to occur at a very low Li concentration. 37 As Li strengthens graphite, it becomes more difficult to fracture.
Because the microsized graphite particles are polycrystals, the averaged polycrystalline Young's modulus E and Poisson's ratio were computed from the C ij of single crystals. The lower bound Reuss scheme was employed due to the highly anisotropic properties of graphite. E increased by nearly a factor of 3 when graphite is fully lithiated, but the change in is minimal. In calculating the modulus for the graphite anode composite, we used two sizes of spherical particles surrounded by a poly͑vinylidene fluoride͒ ͑PVDF͒ binder and generated close-packed microstructures with 73 vol % graphite, 12.25% PVDF, and 15% porosity. Each particle was considered isotropic. Taking the Reuss polycrystalline Young's modulus for graphite particles and a typical modulus of PVDF into consideration, we found that the overall modulus of the graphite composite also increased significantly with Li concentration.
Once we recognize that E is a linear function of the SOC, we can calculate local strains by solving Eq. 7. Comparing Li concentration profiles at times T 1 and T 2 , the true strain analogous to DIC pairs is
In Fig. 7 , we plot the computed radial strains corresponding to the transition times from T 1 -T 2 and from T 2 -T 3 , with both constant E assumption and linearly increasing E with Li concentration assumption. Li insertion should always induce a dilation strain, so any contraction strain in a particular region must be the result of elastic work done on it by neighboring regions. If the composite modulus were constant, the disk would exhibit dilational strain everywhere, as shown in Fig. 7b and in Ref. 25 . Such a prediction contradicts our observation of contraction strain in regions C and F of the graphite negative electrode, as seen in Fig. 4c , during the T 1 -T 2 time period. However, we can understand the observed contraction if we take into account the increase in E with Li concentration. 6 For this case, we predict a contraction zone in the center of the disk, at r Ͻ 0.3 in the T 1 -T 2 time period, as shown in Fig. 7a . The contraction of the center occurs only if the electrode is stiffened by Li insertion, as we have predicted for graphite. 6 At the end of lithiation ͑T 3 , Fig. 3c͒ , the central plate is fully lithiated. Because there are no concentration gradients, there are no mechanical stresses. Therefore, the strains during the T 2 -T 3 period are dominated by the dilation strain, and the modulus variation has less effect on the DIS modeling results. Figure 7a and b shows a similar trend of strain change from T 2 -T 3 , with the center of the plate expanding more than the edge because the center has a larger Li concentration increase than the edge.
The interpretation of the strain maps shown in Fig. 4 and 5 is now straightforward. Comparing the locations of the contraction with the underlying phase changes for the T 1 -T 2 period, red particles in regions B and F swell and become very stiff as they convert to gold particles; blue particles in region C also swell and become stiffer as they convert to red particles, but their modulus remains well below that of the gold particles. Thus, region C is constrained or compressed vertically by regions B and F. Li flux coming from the cracks in regions D and E provide a component of horizontal contractive strain. For the T 2 -T 3 period, the remaining red particles in region C expand and become stiffer as they become gold. There is relatively little expansion in region A because Li x C 6 particles are already highly lithiated, with x Ϸ 1. Regions B and F expand as Li x C 6 particles become fully charged, with x increasing from perhaps 0.8 or 0.9 to 1.0. Thus, the strain maps for the T 2 -T 3 period, as shown in Fig. 5b and c, show little strain in region A but larger positive strains in the central regions C and F, consistent with predictions of the model.
Implications for porosity and impact on battery performance.-The quantification of local strains allows us to understand the collective motion of the graphite particles ͑scale 3͒ by considering two limiting cases for composite deformation: ͑A͒ The particles are close-packed or jammed together with high friction coefficients, in which case individual particles can expand only if particle centers move. Based on Qi et al.'s calculations, 6 showing an approximately 5% volume expansion between dilute stage 2 ͑blue͒ and stage 1 ͑gold͒, we would expect a roughly 5% expansion of the central plate in our experiments. If the expansion is isotropic ͑pressure from the quartz window is negligible͒, the central plate would dilate by a little under 2% in each direction ͑the thickness change in the electrode is on the same order as the strain measured on the x − y plane͒. ͑B͒ In this case, the volume of pores and binder and any other material with a very low stiffness is sufficiently large and well placed to accommodate the particle expansion so that particle centers need not move. In this case, the particle expansion can be accommodated by a change in porosity p in the composite so that particle expansion would not lead to significant organized largerscale strains. The fact that we actually measure such small strains within the central plate, no more than a few tenths of a percent indicates that case B is closer to the truth.
The volume expansion corresponding to the change from graphite to LiC 6 is 10%. For our electrode, with an initial porosity p = 15%, as measured by X-ray tomography, 38 particle expansion upon lithiation could reduce the porosity by half if volume expansion is accommodated primarily by composite porosity. The X-ray tomography did not resolve features below 0.5 m, so the 15% porosity value should be a lower limit to the true porosity. The expansion could also be accommodated by intraparticle porosity; Joho et al. 39 showed that 2-50 nm sized intraparticle porosity contributes a large portion of the total surface area of graphite electrodes. Even with a typical porosity of p = 30%, particle expansion upon lithiation could reduce the porosity by 15-25%. In either case, porosity would change during each charge and discharge, contradicting the usual assumption that porosity is a constant. Because both the effective diffusion coefficient and the effective conductivity depend on the porosity, 40 we expect a substantial effect on the transport rates and available capacity as the graphite is lithiated and delithiated, as White's model has suggested. 17 That model, which addresses long-term degradation, shows a significant voltage and current drop due to a 20-25% porosity reduction over time. However, the present analysis suggests that the porosity also changes substantially during each charge-discharge cycle. Porosity variation due to particle volume change in each cycle has been considered in modeling batteries of alloy electrodes; 41 however, it is generally neglected with intercalation electrodes such as graphite. 42 Our results suggest that its importance should be reconsidered.
Conclusions
In summary, we have shown that particle expansion from lithiation translates into electrode deformation. However, because of the presence of porosity and low modulus material, local strains at the scale of the composite are measured to be an order of magnitude smaller than the strains of individual graphite crystallites. These results suggest that the porosity of either the electrode or the graphite particles ͑or both͒ change significantly during charging and discharging, in contrast to the usual assumption that porosity ͑and, therefore, tortuosity, conductivity, and diffusivity͒ is constant. The consistency of the experimental strain maps with the DIS model relies on and supports our previous prediction 6 that the modulus of lithiated graphite increases with Li concentration. In fact, the modulus of a material can increase with Li insertion ͑as with graphite͒ or decrease with Li insertion ͑as with Si͒. In this sense, the phenomenon is quite different from the analogous thermal stress problem, where the underlying material does not change significantly with temperature, and a constant modulus is a valid assumption. We suggest that caution should be exercised using a DIS model to predict the stress generated due to Li diffusion in Li-ion batteries in cases where material mechanical properties vary as a function of Li concentration.
